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Abstract: All skeletal bones house osteogenic stem cell niches, in which mesenchymal stromal cells
(MSC) provide progenitors for tissue growth and regeneration. They have been widely studied
in long bones formed through endochondral ossification. Limited information is available on the
composition of the osteogenic niche in flat bones (i.e., skull vault bones) that develop through
direct membranous ossification. Craniosynostosis (CS) is a congenital craniofacial defect due to
the excessive and premature ossification of skull vault sutures. This study aimed at analysing the
expression of GLI1, AXIN2 and THY1 in the context of the human skull vault, using nonsyndromic
forms of CS (NCS) as a model to test their functional implication in the aberrant osteogenic process.
The expression of selected markers was studied in NCS patients’ calvarial bone specimens, to assess
the in vivo location of cells, and in MSC isolated thereof. The marker expression profile was analysed
during in vitro osteogenic differentiation to validate the functional implication. Our results show that
GLI1 and AXIN2 are expressed in periosteal and endosteal locations within the osteogenic niche of
human calvarial bones. Their expression is higher in MSC isolated from calvarial bones than in those
isolated from long bones and tends to decrease upon osteogenic commitment and differentiation.
In particular, AXIN2 expression was lower in cells isolated from prematurely fused sutures than
in those derived from patent sutures of NCS patients. This suggests that AXIN2 could reasonably
represent a marker for the stem cell population that undergoes depletion during the premature
ossification process occurring in CS.
Keywords: mesenchymal stromal cells; stem cell niche; GLI1; AXIN2; osteogenesis; bone development;
nonsyndromic craniosynostosis; cranial suture; regenerative medicine; personalised medicine
1. Introduction
Craniofacial bones are flat bones formed through intramembranous ossification, differently from
most of the other bones of the human skeleton that develop through endochondral ossification [1].
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Intramembranous bone ossification is indeed a direct process in which osteoblasts differentiate directly
from mesenchymal cells, without the formation of cartilage precursors.
In the craniofacial region, intramembranous bone development starts with the aggregation
of mesenchymal stromal cells (MSC) into condensation centres, where they grow and proliferate,
forming clusters [2]. Once the cluster reaches a critical size, MSC in the centre start to differentiate
into osteoblasts. The growth of immature bone occurs at the osteogenic fronts, where cells actively
proliferate. When an osteogenic front joins its neighbour, the two fronts either merge to create a single
bone or give rise to a suture [3].
A suture is hence a fibrous joint composed of two osteogenic fronts and the interposed
mesenchyme-derived fibrous tissue, which provides flexibility to the newborn skull and acts as
an active site of bone formation during skull development in the first two years of life [4,5]. Sutures
persist afterwards in toddlers and young adults, as elastic skull sites until flat bone ossification
is complete and skull growth ceases, having reached its final size. The inter-suture mesenchyme
represents indeed a unique niche for cranial skeletal stem cells, serving as a transient reservoir
of MSC and osteoprogenitors [6]. These MSC play a key role in regulating the skull growth:
proliferating cells produce new progenitors to support skull growth while a quiescent portion of
the MSC population remains in the centre to preserve suture patency and to modulate calvarial
bone growth [7]. The osteogenic fate of MSC residing in the suture is driven by the interplay of
a complex signalling (including WNT, BMP, FGF and HH pathways as main players) [7–10] that govern
the homeostasis of the calvarial osteogenic niche, essential for calvarial morphogenesis [3,6,10,11].
The disruption of the gene expression pattern and/or of the signalling inside the niche could affect
the balance among quiescence–proliferation–differentiation–apoptosis within the suture mesenchyme,
causing abnormalities in skull development.
The premature ossification of skull sutures causes craniosynostosis (CS), the second most common
congenital craniofacial defect, affecting 1 in ~2500 live births [12,13]. Individuals with CS develop
abnormal skull shapes due to premature fusion of one or more cranial sutures, leading to variable
degrees of craniofacial dysmorphisms, along with possible increase of intracranial pressure and, in the
most severe cases, neurodevelopmental delay. CS occurs in 85% of cases as an isolated and sporadic
(i.e., nonfamilial) disorder, in which the abnormal suture fusion apparently results from a developmental
defect that directly targets the affected suture(s), without affecting the rest of the body, being hence
classified as nonsyndromic craniosynostosis (NCS). NCS is considered a multifactorial disorder,
in which gene–gene and/or gene–environment interaction effects are plausibly involved, although their
aetiopathogenesis is still largely unclear [8,14–17]. The complex nature of craniosynostosis is reflected
by the difficulty in obtaining univocal therapeutic protocols. To date, the only available therapeutic
approach is based on single or repeated reconstructive surgeries, depending on the complexity of the CS
and the presence of associated co-morbidities and/or the occurrence of unsatisfying or adverse surgical
outcomes [18–21]. Consequently, understanding the human postnatal craniofacial development
and growth and its underlying molecular control is critical for developing adjuvant and possibly
personalised therapeutic strategies.
Once their development is completed, craniofacial bones are formed by two layers of compact
bone (inner and outer tables) that enclose a sheet of spongy bone (diploe), housing bone marrow
(BM) cavities. In this mature bone structure, osteogenic niches are located, as for other bones, in the
cambium layer of the periosteum and in the endosteum, which forms the lining of bone marrow cavity
walls [6]. The endosteal osteogenic niche is believed to include osteoblasts, endothelial cells, glial cells,
vascular pericytes, adipocytes, fibroblasts and MSC [22] The osteogenic and haematopoietic stem
cell niches are hence functionally related within the BM environment of the diploe, as MSC support,
and regulate the homing of haematopoietic stem cells (HSC), and HSC provide osteoclast precursors
that combine with osteogenic lineage’s cells to form the bone structure [23]. Therefore, altogether the
calvarial bones’ niches include at least three distinct domains: the endosteal and periosteal domains,
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which are necessary to accomplish the skull remodelling throughout life, and the transient suture
mesenchyme domain that disappear as suture ossify in adult life [6] (Figure 1).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 20 
 
 
Figure 1. Visual description of the architecture of calvarial flat bone. Two sheets (outer and inner 
tables) of compact bone enclose a layer of spongy bone (diploë). Green arrows highlight the endosteal, 
periosteal and inter-suture locations of MSC niches (figure modified from https://smart.servier.com/). 
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differences among different skeletal niches has been long neglected and is yet pending, owing to the 
inherent cellular heterogeneity, to the different bone developmental path occurring throughout the 
skeleton, and to the difficulties in studying suitable human flat bone tissues. Recent studies have 
indeed demonstrated that MSC have distinctive features depending on their in vivo location [24,25]. 
An in-depth functional characterisation of the osteogenic stem cell niche composition and their 
involvement in skeletal development was provided by Chan and colleagues, who studied limb bones 
and bone marrow tissues of foetal, neonatal and adult mice [26]. This study allowed identifying four 
functionally distinct cell fractions: a CD45+ haematopoietic fraction, a CD45-Tie2 (angiopoietin 
receptor)+ alpha V integrin (alphaV)+ population that concurrently generates adipocytes and vessels, 
a CD45-Tie2-alphaV- fraction that does not appear to produce donor-engrafted tissue and a CD45-
Tie2-alphaV+ population that, through endochondral ossification, forms bone endowed with bone 
marrow cavities [26].  
Calvarial stem cell research has been largely driven by the identification of specific markers 
expressed by resident populations. In recent years, three distinct cell populations were identified, 
based on the lineage-specific expression of selected marker genes (namely, GLI1, AXIN2 and THY1), 
within the sutural mesenchyme of murine models, and proposed as major calvarial skeletal stem 
cells, or subsets of it [27].  
GLI1 (GLI Family Zinc Finger 1), a transcriptional key effector of Hedgehog (HH), has been 
recently proposed as the main marker for the mesenchymal stem cell population in mice, responsible 
for adult craniofacial bone growth and development [11]. The AXIN2 protein acts as a negative 
regulator of the Wnt signalling and has been previously implicated in murine calvarial 
morphogenesis [28]. More recently, the presence of an AXIN2-expressing stem cell population was 
demonstrated in murine calvarial bones [29]. AXIN2+ cells proved to have long-term self-renewing 
clonal expansion and differentiation capabilities during calvarial development, suggesting that 
AXIN2 should be a suitable specific marker for calvarial bone stem cells [29]. Finally, PRX1 (Paired 
Related Homeobox 1) is a DNA-binding protein expressed in mesodermal tissues, acting as a 
transcriptional co-activator, implicated in the maintenance of cell fates within the craniofacial 
mesenchyme. PRX1-expressing cells were shown to reside exclusively in the calvarial suture niche 
and to decrease in number with age [4]. Interestingly, PRX1 expression seemed to be involved in 
differentiation of early progenitors into committed osteoblasts, suggesting that this transcription 
factor could specify the stem cell population in calvarial bones [30]. Taken together, all available data 
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periosteal and inter-suture locations of MSC niches (figure modified from https://smart.servier.com/).
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cells were shown to reside exclusively in the calvarial suture niche and to decrease in number with
age [4]. Interestingly, PRX1 expression seemed to be involved in differentiation of early progenitors into
committed osteoblasts, suggesting that this transcription factor could specify the stem cell population
in calvarial bones [30]. Taken together, all available data are extremely heterogeneous and not clearly
reproducible, hence a calvarial stem cell population is yet to be defined [4,11,29,30].
Moreover, the data available thus far are derived exclusively from studies performed in mice,
whose skull bone structure is extremely thin and less layered than in humans. The structure and
control of the human calvarial osteogenic niche has not been studied, to date, highlighting a gap of
knowledge in the definition of adult stem cells responsible for calvarial bone formation and endogenous
regeneration properties.
Our group previously isolated and characterised a population of human multipotent MSC-like
cells from suture tissues of patients undergoing surgery for treating NCS [31]. Cells isolated from fused
sutures showed a higher osteogenic potential, compared with cells isolated from patient-matched
unfused sutures, owing to the constitutive activation of the BMP-dependent signalling [31] and the
alteration of the GLI1 expression pattern and related primary cilium signalling [32].
The aim of the present study was to characterise the calvarial MSC and the corresponding niche
using NCS patients’ specimens as a model to identify the human craniofacial bone stem cell population.
By comparing tissues and cells of fused-versus-unfused sutures of patients, we also aimed to shed
light on the pathophysiology of the disease, hence to identify potential cellular and molecular targets
to be translated into non-invasive/adjuvant therapeutic strategies. To this aim, the expression of
selected markers was analysed in NCS patients’ calvarial bone specimens and in the MSC isolated
thereof. Our results indicate the presence of an identifiable calvarial MSC population expressing
a specific molecular profile that is dysregulated in fused suture sites, showing abnormal osteogenic
differentiation properties. In particular, our data provide evidence that GLI1- and AXIN2-expressing
cells reasonably represent the osteogenic stem cells within the human calvarial bone niche.
2. Results
2.1. Localisation of Calvarial Stem Cell Markers in Suture Tissue Samples
The expression pattern of AXIN2 and GLI1 in calvarial bone specimens was analysed by
immunofluorescence in unfused- and fused-suture tissue samples derived from sagittal NCS patients.
In particular, the two markers were tested in a double staining with either the Ki-67 proliferation
marker or the THY1 MSC surface antigen, with the aim to assess the presence of a proliferating MSC
subpopulation positive also for AXIN2 and GLI1.
AXIN2-related fluorescence was intensely visible on the periosteal lining and discontinuously
expressed on the endosteal side of spongy bone’s trabeculae (Figure 2). Ki-67 was prevalently expressed
along the endosteal lining of the diploic trabeculae, with spread spots also visible on the inner periosteal
layer on the outer compact bone table (Figure 2b,c and Figure 3b,c). THY1 was scarcely expressed on
both endosteal and periosteal sites (Figure 2d,e and Figure 3d,e).
Conversely, GLI1 expression was visible along the periosteal layer of both the outer and the inner
tables and on the endosteal surfaces of the diploic trabeculae (Figure 3).
The double staining allowed observing a subpopulation of AXIN2+/THY1+ and AXIN2+/Ki-67+
cells mostly along the endosteal lining of the trabeculae (Figure 2). As for AXIN2, GLI1 +/Ki-67+
co-expression appeared visible mostly on the endosteal side in the trabecular bone (Figure 3). Above all,
a subpopulation of GLI1+/THY1+ cells was present in the endosteal side and along the trabeculae’s
margins (Figure 3). In particular, our analysis also showed that there was no remarkable difference in
the colocalisation of GLI1 and THY1 between fused and unfused tissue sections (Figure 3).
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endosteum location. Localisation of AXIN2/Ki-67 and AXIN2/THY1 expression in (b,c) fused and 
(d,e) unfused suture tissue sections, assessed by immunofluorescence. Green arrows highlight 
AXIN2+ cells, red arrows point out (b,d) Ki-67+ cells and (c,e) THY1+ cells. Yellow arrows indicate 
AXIN2+/THY1+ and AXIN2+/Ki-67+ cells. Pictures are representative of 90 microscopic fields from 
nine slides (technical replicates) at 20× magnification of three patients (biological replicates) (see 
Methods for details). 
Figure 2. AXIN2 and THY1 expression in calvarial bone. (a) The haematoxylin/eosin staining displays
the histological structure of a cross-section of the flat calvarial bone, showing the periosteum and
endosteum location. Localisation of AXIN2/Ki-67 and AXIN2/THY1 expression in (b,c) fused and (d,e)
unfused suture tissue sections, assessed by immunofluorescence. Green arrows highlight AXIN2+ cells,
red arrows point out (b,d) Ki-67+ cells and (c,e) THY1+ cells. Yellow arrows indicate AXIN2+/THY1+
and A I 2 /Ki-67 cells. Pictures are representative of 90 microscopic fields from nine slides (technical
replicat s) at 20×magnification of three patients (biological plicat s) (see Methods for details).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 20 
 
 
Figure 3. GLI1 and THY1 expression in calvarial bone. (a) The haematoxylin/eosin staining displays 
the histological structure of a cross-section of the flat calvarial bone, showing the periosteum and 
endosteum location. Localisation of GLI1/Ki-67 and GLI1/THY1 in (b,c) fused and (d,e) unfused 
suture tissue sections, assessed by immunofluorescence. Green arrows highlight cells GLI1+, red 
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standard” osteogenic MSC controls. The expression of THY1 and ITGAV was comparable among the 
three tested cell types (Figure 4a,b), whereas the expression of TEK showed a reduced trend in CMSC 
compared with BM-MSC, although the differential expression levels reached statistical significance 
only in P-CMSC (Figure 4c). The expression of ENPEP showed an inverted trend, as it was 
significantly upregulated in P-CMSC over BM-MSC, with an increased trend also in N-CMSC over 
BM-MSC (no statistical significance; Figure 4d). GLI1 expression was significantly overexpressed 
over BM-MSC in both N- and P-CMSC (Figure 4e). Finally, AXIN2 was significantly overexpressed 
in N-CMSC compared with BM-MSC (Figure 4f). Interestingly, the expression of AXIN2 resulted 
significantly lower in P-CMSC over N-CMSC (Figure 4f). 
Figure 3. GLI1 and THY1 expression in calvarial bone. (a) The haematoxylin/eosin staining displays
the histological structure of a cross-section of the flat calvarial bone, showing the periosteum and
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endosteum location. Localisation of GLI1/Ki-67 and GLI1/THY1 in (b,c) fused and (d,e) unfused suture
tissue sections, assessed by immunofluorescence. Green arrows highlight cells GLI1+, red arrows point
out (b,d) Ki-67+ cells and (c,e) THY1+ cells. Yellow arrows indicate GLI1+/THY1+ and GLI1+/Ki-67+
cells. The haematoxylin/eosin staining displays the histological structure of the flat calvarial bone.
Pictures are representative of 90 microscopic fields from nine slides (technical replicates) at 20×
magnification of three patients (biological replicates) (see Methods for details).
2.2. Expression of Calvarial Stem Cell Markers in Calvarial Mesenchymal Stromal Cells (CMSC)
The expression of the selected marker genes THY1, ITGAV, TEK, ENPEP, GLI1 and AXIN2
was analysed in calvarial MSC isolated both from physiologically patent sutures (termed “Normal”,
N-CMSC) and from prematurely fused sutures (termed “Pathologic”, P-CMSC), using bone marrow
MSC (BM-MSC) isolated from the iliac crest and grown in standard culture condition as “gold standard”
osteogenic MSC controls. The expression of THY1 and ITGAV was comparable among the three tested
cell types (Figure 4a,b), whereas the expression of TEK showed a reduced trend in CMSC compared with
BM-MSC, although the differential expression levels reached statistical significance only in P-CMSC
(Figure 4c). The expression of ENPEP showed an inverted trend, as it was significantly upregulated
in P-CMSC over BM-MSC, with an increased trend also in N-CMSC over BM-MSC (no statistical
significance; Figure 4d). GLI1 expression was significantly overexpressed over BM-MSC in both N-
and P-CMSC (Figure 4e). Finally, AXIN2 was significantly overexpressed in N-CMSC compared with
BM-MSC (Figure 4f). Interestingly, the expression of AXIN2 resulted significantly lower in P-CMSC
over N-CMSC (Figure 4f).
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being considerably upregulated upon osteogenic induction at both tested time points (Figure 6c,f). 
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ON; (d,i) OPN; and (e,j) OCN, evaluated by qPCR in N-CMSC and P-CMSC, respectively, cultured 
with osteogenic medium (OM) for one (1 wk) and three weeks (3 wk). Cells cultured in standard 
growth medium (GM) were tested as controls at each time point. RQ, Relative Quantity (see Methods 
for details). *p < 0.05; **p < 0.01; ****p < 0.0001. 
Figure 4. Comparative expression profiling of marker genes in iliac crest BM-MSC and suture cells
CMSC. Transcript levels of: (a) THY1; (b) ITGAV; (c) TEK; (d) ENPEP; (e) GLI1; and (f) AXIN2, evaluated
by qPCR in N- and P-CMSC, compared with BM-MSC. RQ, Relative Quantity (see Methods for details).
* p < 0.05; ** p < 0.01; **** p < 0.0001.
2.3. Expression of Calvarial Stem Cell Markers during Osteogenic Induction
Both N- and P-CMSC were efficiently induced toward osteoge ic induction up to three weeks,
as demonstrated by the upregulation of the osteo-specific marker genes RUNX2, ALP, ON, OPN and
OCN (Figure 5). The expression of THY1, GLI1 and AXIN2 were observed in time course. THY1 and
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GLI1 levels were significantly downregulated in committed N- and P-CMSC after both one and three
weeks (Figure 6a,b,d,e). In contrast, AXIN2 expression was comparable between N- and P-CMSC,
being considerably upregulated upon osteogenic induction at both tested time points (Figure 6c,f).
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Figure 5. Expression profiles of osteo-specific genes. Transcript levels of: (a,f) RUNX2; (b,g) ALP;
(c,h) ON; (d,i) OPN; and (e,j) OCN, evaluated by qPCR in N-CMSC and P-CMSC, respectively, cultured
with osteogenic medium (OM) for one (1 wk) and three weeks (3 wk). Cells cultured in standard
growth medium (GM) were tested as controls at each time point. RQ, Relative Quantity (see Methods
for details). * p < 0.05; ** p < 0.01; **** p < 0.0001.
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GLI1; and (c,f) AXIN2, evaluated by qPCR in N-CMSC and P-CMSC, respectively, cultured with 
osteogenic medium (OM) for one (1 wk) and three weeks (3 wk). Cells cultured in standard growth 
medium (GM) were tested as controls at each time point. RQ, Relative Quantity (see Methods for 
details). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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differentiation process (Figures 7 and 8). In particular, GLI1 protein staining was clearly detectable 
in the cell nuclei and showed a remarkable decrease as early as one week after starting the osteogenic 
stimulation, being barely detectable after three weeks, in both N- and P-CMSC (Figure 7d,h). Both 
THY1 and AXIN2 were diffusely expressed in the cytoplasm of cells and tended to decrease during 
osteogenic induction (see Figures 7a–c, e–g and 8a–c, e–g). The timing of THY1 decrease was 
comparable in N- and P-CMSC as detected by quantitative estimation of cell staining (data not 
shown). AXIN2 expression was intense and diffuse in the cell cytoplasm; it appeared apparently 
unaffected by the osteogenic induction in N-CMSC at one week (Figure 8d), while it significantly 
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Figure 6. Expression profiles of putative niche marker genes. Transcript levels of: (a,d) THY1; (b,e) GLI1;
and (c,f) AXIN2, evaluated by qPCR in N-CMSC and P-CMSC, respectively, cultured with osteogenic
medium (OM) for one (1 wk) and three weeks (3 wk). Cells cultured in standard growth medium (GM)
were tested as controls at each time point. RQ, Relative Quantity (see Methods for details). * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.
To confirm the gene expression profile, THY1, GLI1 and AXIN2 protein levels were analysed and
quantified in situ using immunofluorescence during osteogenic induction. Our results revealed that the
expression of all the analysed markers was significantly reduced throughout the in vitro differentiation
process (Figures 7 and 8). In particular, GLI1 protein staining was clearly detectable in the cell nuclei
and showed a remarkable decrease as early as one week after starting the osteogenic stimulation,
being barely detectable after three weeks, in both N- and P-CMSC (Figure 7d,h). Both THY1 and AXIN2
were diffusely expressed in the cytoplasm of cells and tended to decrease during osteogenic induction
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(see Figure 7a–c,e–g and Figure 8a–c,e–g). The timing of THY1 decrease was comparable in N- and
P-CMSC as detected by quantitative estimation of cell staining (data not shown). AXIN2 expression
was intense and diffuse in the cell cytoplasm; it appeared apparently unaffected by the osteogenic
induction in N-CMSC at one week (Figure 8d), while it significantly decreased in P-CMSC at the same
time point (Figure 8h). Thereafter, AXIN2 expression significantly decreased in both N- and P-CMSC
at three weeks (Figure 8d,h).
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Figure 7. Expression of GLI1 and THY1 in CMSC during osteogenic induction. Markers’ expression
analysed by immunofluorescence in (a–c) N-CMSC and (e–g) P-CMSC, cultured with osteogenic
medium (OM) for one (1 wk) and three weeks (3 wk), compared to cells cultured in growth medium
(GM). Nuclei are stained in blue with DAPI. The intensity of fluorescence was quantified by the ImageJ
software for both (d) N-CMSC and (h) P-CMSC. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
Pictures are representative of 30 microscopic fields of three different cell culture samples (see Methods
for details).
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analysed by immunofluorescence in (a–c) N-CMSC and (e–g) P-CMSC, cultured with osteogenic
medium (OM) for one (1 wk) and three weeks (3 wk), compared to cells cultured in growth medium
(GM). Nuclei are stained in blue with DAPI. The intensity of fluorescence has been quantified by
the ImageJ software for both (d) N-CMSC and (h) P-CMSC. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001. Pictures are representative of 30 microscopic fields of three different cell culture samples
(see Methods for details).
2.4. AXIN2 Involvement in the Ossification Process in NCS
Since our results show a differential expression of AXIN2 in P-CMSC and N-CMSC (see Figure 4),
we tried to derive possible implications for the pathophysiology of NCS. More in detail, our analysis
displayed that AXIN2 expression was lower in P-CMSC compared with N-CMSC both in standard
growth and during osteogenic induction, at both tested time points (Figure 9a). Instead, AXIN2 protein
levels were comparable in N- and P-CMSC cultured in growth medium (Figure 9b). Remarkably,
AXIN2 expression decreased earlier in P-CMSC compared with N-CMSC upon osteogenic induction
(Figure 9b). Taken together, these data indicate that, even though AXIN2 was modulated in response
to osteogenic commitment in both N- and P-CMSC, the effect was faster and more evident in cells
derived from pathologically fused sutures (Figure 9a,b).
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Figure 9. Comparative expression profiling of AXIN2 gene and protein in N-versus-P-CMSC.
(a) T anscript and (b) protein levels of AXIN2 compared in P-CMSC versus N-CMSC, in standard
growth conditions (GM) and following one (1 wk) and three weeks (3 wk) of osteogenic commitment
(OM). RQ, Relative Quantity (see Methods for details). * p < 0.05; ** p < 0.01; *** p < 0.001.
To better clarify this differential modulation of AXIN2 in NCS during the osteogenic process,
we knocked down the expression of AXIN2 in N-CMSC by means of short interfering RNAs (siRNAs),
to test whether this could induce an accelerated osteogenic phenotype as seen in P-CMSC in vitro [31].
Gene silencing reduced AXIN2 expression by 35% (Figure 10a, si-N-CMSC RQ mean: 0.64). The use of
higher dosage of siRNAs for AXIN2 led to a drastic reduction of cell viability after treatment; therefore,
the dosage scale was reduced. Interestingly, when AXIN2 expression in N-CMSC reached levels
comparable to that observed in P-CMSC (Figure 10a), this induced the differential expression of selected
osteo-specific marker genes upon one week of osteogenic induction (Figure 10b–e). In particular,
our analysis showed that the relative quantity of RUNX2, ON, OPN and OCN observed in silenced
N-CMSC (si-N-CMSC) was significantly different from that observed in untreated N-CMSC, while it
followed an expression trend comparable with that observed in P-CMSC (Figure 10b,d–f). Only the
expression of ALP showed an opposite trend in si-N-CMSC, being decreased, and in P-CMSC,
being upregulated, compared to N-CMSC (Figure 10c). The mock-treatment using exclusively the
transfection reagent did not affect the expression of the tested genes at any time point (data not shown).
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Figure 10. AXIN2 knockdown results. Expression analysis of: (a) AXIN2; (b) RUNX2; (c) ALP; (d) ON;
(e) OPN; and (f) OCN, evaluated by qPCR upon AXIN2 silencing in N-CMSC (si-N-CMSC) cultured
with osteogenic medium for one week (OM 1wk). Untreated N-CMSC were used as controls for both
si-N-CMSC and P-CMSC. The graphs show the average values derived from three different experiments
on three different patient’s derived cells. RQ, Relative Quantity (see Methods for details). * p < 0.05;
** p < 0.01; *** p < 0.001.
3. Discussion
The idea that a non-haematopoietic multipotent stem cell population resides in the bone marrow
(BM) dates back in the early 20th century, with the emerging evidence of the presence of BM
stroma-derived cells able to generate tissues of the mesodermal lineages such as bone [33,34]. Since then,
the mesenchymal stromal cell (MSC) compartment has been widely characterised within the BM niche
found in endochondral bones of the appendicular skeleton of murine models.
Recent studies attempted the characterisation of the MSC compartment of skull flat bones,
describing a calvarial MSC niche responsible for the correct morpho-functional skull development.
Thus far, research performed in mice highlighted the presence of specific markers, namely Gli1, Axin2
and Prx1, able to efficiently discriminate the MSC population in the cranial bones [4,11,29].
The novelty of the present work resides in that the MSC subpopulation was characterised for the
first time in human calvarial bones, and in the assessment of the potential involvement of this bone
niche in the pathophysiology of abnormal suture ossification occurring as an isolate developmental
defect in nonsyndromic craniosynostosis.
All adult stem cell niche specialised compartments are known to undergo a physiological
age-related decline, resulting in the reduced abilities of adult stem cells to sustain quiescence,
proliferation capacity and differentiation potential. In craniosynostosis, the calvarial suture stem
cells niche is believed to undergo an accelerated and premature senescence, causing a pathological
exhaustion of the stem cell reservoir, which ultimately drives the premature ossification of the suture
mesenchyme [35].
Our study provides the original evidence of the presence of a GLI1+ MSC subpopulation in
the craniofacial bone specimens of patients suffering from nonsyndromic craniosynostosis. GLI1 is
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a transcription factor that regulates the Hedgehog (HH) transmembrane receptor Patched PTCH1,
in the “canonical” modulation of the HH pathway [36]. The link between HH and the skeletal
development have been extensively investigated [37–39]. In particular, HH signalling plays a key role
in intramembranous ossification during cranial bone development [40]. Alterations in HH pathway
regulation were well documented in several craniofacial abnormalities, including craniosynostosis [40].
Our results demonstrate the presence of a GLI1+ cell subpopulation in the trabecular bone of
human cranial tissue samples. The expression of GLI1 in calvarial MSC isolated from fused and
unfused suture tissues of NCS patients resulted significantly higher compared with MSC isolated from
hip bone’s bone marrow specimens. These data may point towards defining GLI1 as a putative specific
marker for MSC inside the human calvarial niche, representing the osteogenic stem cells supporting the
craniofacial bone development inside the human cranial tissue, as already found in murine models [11].
On the other hand, no differences in GLI1 levels were detectable between CMSC derived from fused
sutures and those from the unfused one, suggesting that this marker is homogeneously expressed by
cells that are not affected by the niche ageing process. Moreover, GLI1 decreased during the in vitro
osteogenic induction showing an expression trend that overlaps with that of THY1, a cell surface
glycoprotein, widely used as marker of mesenchymal stromal cells, and inversely correlated with the
acquisition of the osteogenic committed phenotype.
In our disease model, we observed that the distribution of AXIN2-expressing cells within the
human calvarial niche is comparable between normal and pathological suture specimens, and found
in anatomical regions already described in murine models [28,29]. AXIN2 is a negative regulator of
the canonical Wnt/β-catenin pathway: AXIN2 transcription increases upon transduction of a Wnt
signal and it provides a negative feedback loop on the pathway, by promoting the degradation
of β-catenin [41]. Wnt/β-catenin signalling controls skeletal precursors’ renewal and proliferation
and their commitment [10]. AXIN2 is specifically involved in skull development, as it regulates
calvarial suture closure [28]. It has been demonstrated that Axin2 mutant mice present a phenotype
resembling craniosynostosis [28,42,43]. In particular, the inactivation of Axin2 causes an acceleration
in osteogenesis, leading to a premature metopic suture closure [28]. Indeed, evidence obtained in
murine models showed that Axin2 is mainly expressed in the osteogenic fronts and in the periosteum,
where pre-osteoblasts and osteoblasts are located, and its expression starts decreasing as the suture
fusion process starts, being absent in the fused suture [28,29].
Our data indicate that AXIN2 transcript levels are lower in cells isolated from fused sutures than
in those from physiologically patent sutures. AXIN2 expression resulted modulated during osteogenic
induction in all tested cells, although both transcript and protein levels were significantly lower in
pathologically fused suture-derived cells. Moreover, AXIN2 knockdown in N-CMSC induces the
activation of genes involved in the osteogenic commitment and differentiation of MSC. In particular,
our data reveal that the expression of osteo-specific genes induced in N-MSC upon AXIN2 silencing
is comparable to that of observed in P-CMSC during in vitro osteogenic induction. This evidence
may confirm that AXIN2 can represent a reliable marker for the stem cell population that undergoes
depletion during the premature ossification process occurring in craniosynostosis. Consistently with
our results, a de novo loss-of-function mutation in AXIN2 gene has been recently reported in a patient
diagnosed with sagittal craniosynostosis [44].
Nonetheless, our data also show that AXIN2 transcript levels increase, whereas AXIN2 protein
levels decrease, in response to in vitro osteogenic differentiation. Further investigation is necessary
to interpret this apparent discrepancy, which could be linked to a possible post-transcriptional
regulation of AXIN2 (involving RNA processing, trafficking, or decay mechanisms). Such events, to
our knowledge, have not been reported in the extant literature.
Finally, the data presented in this study indicate that calvarial MSC isolated from both fused and
unfused sutures share the same expression profile for the selected marker genes, upon in vitro isolation
through explant culture. This evidence may suggest that the “stemness”-related profile of the cells is
not affected by the collection site.
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On the other hand, we and other groups previously demonstrated that cells isolated from fused
sutures of NCS tend to display a constitutively increased osteogenic activity compared to those
isolated from open sutures [17,31,32,45–51]. This differential osteogenic activity was also observed
in fused-versus-unfused suture-derived cells of patients diagnosed with Saethre–Chotzen syndrome,
an autosomal dominant CS due to TWIST1 loss-of-function mutations [52]. This suggests that local
functional abnormalities exist at the site of premature suture fusion, even in the presence of documented
germline genetic background shared by all cells.
Taken together, these observations indicate that the tissue-specific niche is inherently preserved
(i.e., the same in unfused and fused) in NCS, and the cells maintain the same molecular signature
after in vitro isolation, but then local microenvironmental clues provide aberrant stimuli to the cells at
the site of the prematurely fused/fusing sutures. Hence, differences in the microenvironment able to
modify the niche homeostasis could be responsible for the enhanced in vivo osteogenic differentiation
acting at the site of premature suture closure, besides constitutive differences in stem cell properties.
This speculative hypothesis is further supported by some recent studies showing that an environmental
constraint in vitro induces a specific gene expression profile mimicking that expressed by NCS fused
suture-cells [53–55].
4. Materials and Methods
All reagents used were purchased from Aurogene (Rome, Italy), if not otherwise specified.
4.1. Patient Enrolment and Specimen Collection
We enrolled a sample of 23 patients (mean age 4.7 months; median 4 months; ratio male:female
3.6:1) undergoing cranioplastic surgery for nonsyndromic sagittal craniosynostosis, upon obtaining
the written informed consent from their parents.
Suture tissue specimens were collected from both the physiological patent suture (unfused, termed
“Normal”, N) and two from the prematurely fused suture (termed “Pathologic”, P) of patients as
surgical waste tissues. The sample collected from each suture site was aliquoted into two separate
specimens: one placed in culture medium to be used for cell isolation and the other one fixed in
formalin and used for immunofluorescence assays. The entire study protocol was designed according
to the European Good Clinical Practice guidelines and with the current revision of the Declaration of
Helsinki, and was approved by the Ethical Committee of the Università Cattolica del Sacro Cuore,
School of Medicine (17 July 2014; protocol NIH/NIDCR 2014, protocol 19029/14).
4.2. Calvarial Mesenchymal Stromal Cells (CMSC) Isolation and Culture
CMSC were isolated in primary culture from each tissue specimen (“Normal” N-CMSC;
“Pathologic” P-CMSC) harvested from patients and cultured as previously described [31]. Our standard
procedure allows selecting adherent cells from the flat bone suture boundary, regardless of the suture
ossification status. These cells displayed the phenotype and biological properties of mesenchymal
stromal cells (including a CD29+/CD44+/CD105+/CD73+/CD34−/CD31−phenotype and trilineage
potential) [31].
Upon reaching confluence, primary cells were detached with trypsin/EDTA and sub-cultivated
until the 3rd passage to amplify the cell population and used in further experiments. Mesenchymal
stromal cells isolated from human iliac crest bone marrow samples (BM-MSC), representing the gold
standard source for MSC isolation, were used as controls.
4.3. Osteogenic Induction
The in vitro osteogenic induction assay was performed as previously described [31]. Briefly,
both N-CMSC and P-CMSC at the 3rd–4th culture passage grown until confluence were cultured in
osteogenic medium (OM; Dulbecco’s Modified Eagle’s Medium Low Glucose (DMEM), 10% foetal
bovine serum (FBS, GIBCO by ThermoFisher Scientific, Waltham, MA, USA), 1% l-glutamine,
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1% penicillin–streptomycin, dexamethasone 0.1 µM, β-glycerophosphate (Sigma Aldrich, Saint Louis,
MO, USA) 10 µM and ascorbic acid 50 µM, for one (1 wk) and three weeks (3 wk). Medium was
changed twice a week. Cells cultured in standard growth medium (DMEM High Glucose, 10% FBS,
1% l-Glutamine and 1% Penicillin-Streptomycin) were used as negative controls for differentiation (GM).
4.4. Gene Expression Analysis
Total RNA was isolated from N- and P-CMSC and BM-MSC at different time points, using
Trizol regent (ThermoFisher Scientific, Waltham, MA, USA) following manufacturer’s protocol and
subsequently purified using silica membrane spin columns (ReliaPrep RNA™ Cell Miniprep System
Promega, San Luis Obispo, CA, USA). RNA was quantified using a UV spectrophotometer (DU 800
Beckman Coulter, Brea, CA, USA). Five hundred nanograms of total RNA were used as template for
retrotranscription reaction by GoScript Reverse Kit (Promega, San Luis Obispo, CA, USA) according to
the manufacturer’s protocol. cDNA was used as template for Quantitative Real Time PCR analysis
(qPCR). The differential expression of AXIN2, GLI1, THY1 (also known as CD90), ITGAV, TEK and
ENPEP was validated in N- and P-CMSC and in BM-MSC cells. qPCR was also exploited to analyse the
expression of selected osteogenic genes as Runt-related transcription factor 2 (RUNX2), Alkaline phosphatase
(ALP), Osteonectin (ON), Osteopontin (OPN) and Osteocalcin (OCN). qPCR was performed using Syber
Green master mix (GoTaq qPCR Master Mix Kit, Promega, San Luis Obispo, CA, USA). The sequences
of all oligonucleotide primer pairs used for each gene are provided in Table 1. Each sample was
analysed in duplicate. The relative expression gene levels were normalised to Beta-actin (ACTB) levels
and quantified according to the ∆∆Ct method [56].


























FW, forward primer; REV, reverse primer.
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4.5. Histological Analyses
Suture tissue specimens harvested from patients, were fixed in 4% (w/v) formalin in phosphate
buffer 0.1 M at pH 7.2 for 72 h at 4 ◦C. After rinsing with running water, the samples were decalcified
in Decalcifier DC2 solution (#11028306 VWR Chemical, Radnor, PA, USA) for 24–96 h (based on
sample size) at 4 ◦C under constant agitation. The tissues were then washed in phosphate buffer saline
(PBS) 0.01 M pH 7.4 for 1–2 h at RT, and then cryoprotected in 15% sucrose in PBS overnight at 4 ◦C.
The samples were then embedded in OCT compound, and 10-µm-thick sections were cut on a cryostat
(CM 1850, Leica, Wetzlar, Germany) and directly mounted on slides. The slides were used both for
haematoxylin and eosin staining and for immunofluorescence analysis. In particular, for histological
analysis, the sections were incubated with haematoxylin (according to Mayer, 05-06002/L Bio-Optica,
Milan, Italy) for 5 min, washed in running water for 5 min, and then stained with eosin (05-10002/L
Bio-Optica, Milan, Italy) for 1 min. Finally, the sections were dehydrated through a series of graded
alcohols, clarified in xylene and cover-slipped with Eukitt mounting medium (03989 Sigma Aldrich,
Saint Louis, MO, USA). The slides were then examined using a Zeiss Axiophot microscope and
the images were captured with an AxioCam 503 colour camera (Zeiss, Jena, Germany) coupled to
the microscope.
4.6. Immunofluorescence Analysis
Immunofluorescence analysis was performed both on tissue sections and on formalin-fixed
CMSC cultures to visualise and quantify the expression of specific-lineage markers during osteogenic
induction. In particular, we analysed the expression of Ki-67, THY1, GLI1 and AXIN2. Cells were
first permeabilised with 0.3% Triton X-100 for 10 min. Then, both cells and tissue sections were
incubated with 3% bovine serum albumin (BSA) in PBS and 3% normal horse serum (NHS)/0.3% Triton
X-100 in PBS for 60 min at RT to block nonspecific binding sites. Subsequently, co-immunostainings
for AXIN2 or GLI1 with Ki-67 or THY1, respectively, were obtained using the following primary
antibodies: mouse anti-THY1 (#MA5-16671 ThermoFisher Scientific, Waltham, MA, USA, 1:100/1:200
respectively for tissue sections and cells), mouse anti-Ki-67 (only for tissue sections) (#ab8191 Abcam,
Cambridge, UK, 1.100), rabbit anti-AXIN2 (#PA5-21093 ThermoFisher Scientific, Waltham, MA, USA,
1:100 and 1:500, respectively, for tissue sections and cells) and rabbit anti-GLI1 (#ab49314 Abcam,
Cambridge, UK, 1:100 and 1:200, respectively, for tissue sections and cells). After incubating with
primary antibodies overnight at 4 ◦C and washing three times in PBS, the appropriate goat secondary
antibodies were added: Alexa Fluor 488 anti-mouse for THY1 and Ki-67 (#305-545-045 Jackson
Immunoresearch Laboratories, West Grove, PA, USA, 1:200) or Cy3 anti-rabbit for Gli1 and AXIN2
(#715-166-150 Jackson Immunoresearch Laboratories West Grove PA USA, 1:200) in PBS for 2 h at RT.
After further washing, cells were counterstained with DAPI and analysed using the Nikon confocal
laser scanning microscopy system (A1MP+, Nikon, Amsterdam, Netherlands) while tissue sections
were cover-slipped with Fluoromount Aqueous Mounting Medium (F4680 Sigma–Aldrich, Saint
Louis, MO, USA), examined and photographed under a Zeiss LSM 510 confocal laser scanning
microscopy system. At least five fields representing each slide were examined in duplicate for
each condition. Three non-consecutive tissue sections from each patient were processed for double
label immunofluorescence. The quantification of fluorescence intensity was analysed using ImageJ
program (NIH-https://imagej.nih.gov/ij/download.html). To verify and confirm the specificity of
the immunolabeling, primary antisera were omitted, and only secondary antibodies were used.
No immunoreactivity was detected.
4.7. AXIN2 Silencing in N-CMSC
Three chemically synthesised 27-mer Dicer-Substrate Short Interfering RNAs (DsiRNAs, TriFECTa
RNAi Kit #hs.Ri.AXIN 2.13, Integrated DNA Technologies, Coralville, IA, USA) were transfected
in N-CMSC to knockdown the expression of AXIN2 gene. To this aim, N-CMSC were plated in
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6-well plates at a seeding density of 80,000 cells/well and cultured with standard growth medium.
Two days after plating, cells at 70% of confluence were transfected with AXIN2-DsiRNAs using
Lipofectamine RNAiMAX Reagent (ThermoFisher Scientific, Waltham, MA, USA), according to
the manufacturer’s instructions. To test the efficacy of siRNAs constructs, we tested to different
concentrations (i.e., 30 and 20 nM). Since the higher concentration critically affected cell viability,
all the experiments were performed to a final concentration of 20 nM. After three days, the medium
was replaced with OM to induce the osteogenic differentiation. A second dose of AXIN2-DsiRNAs was
transfected when OM was replaced. N-CMSC treated exclusively with lipofectamine served as controls
for transfection. After 1 week of osteogenic induction, all samples were lysed for RNA extraction and
gene expression analysis by qPCR. P-CMSC cultured in both GM and OM were analysed comparatively.
4.8. Statistical Analysis
Data were analysed using GraphPad Prism software version 6.0 (San Diego, CA, USA). Results are
presented as means ± standard deviation (SD). Statistical differences between groups were analysed
using the unpaired Student’s t-test. All statistics were two-tailed and the level of significance was set
at p < 0.05.
5. Conclusions
Our data provide original evidence that GLI1 and AXIN2 reasonably represent specific stem cell
markers for the osteogenic niche of human calvarial bones. These findings may represent the foundation
for further studies aimed at implementing advanced therapies for skull bone reconstruction and at
studying the pathophysiology of altered stem cell mechanisms occurring in craniofacial inborn defect,
such as craniosynostosis. In this context, targeting GLI1- and AXIN2-expressing cells would represent
a strategy to modulate the proportion and activity of osteoprogenitor cells, hence the osteogenic niche
homeostasis, towards the development of patient-tailored approaches aimed at reducing the increased
osteogenic rate at the site of premature suture fusion.
Moreover, using nonsyndromic craniosynostosis as a model disease, this study supports the
idea of mechanistic effects of multifactorial aetiology underlying this condition, in which concurring
chemical and mechanical noxae in the environment can modulate the stem cell fate.
Author Contributions: Conceptualisation, M.B., L.D.P., and W.L.; methodology, M.B., L.D.P., and W.L.; Patients
enrolment and specimen collection, G.T., P.F., and L.M.; Investigation, C.P., S.C., and A.V.; Data curation, M.B.
and L.D.P.; writing—original draft preparation, M.B. and L.D.P.; writing—review and editing, W.L., G.T., and
O.P.; supervision, M.B., L.D.P., and W.L.; technical support, E.G. and D.B.; and funding acquisition, W.L. and O.P.
All authors have read and agreed to the published version of the manuscript.
Funding: This research was supported by Federazione GENE non-profit organization (research funds to W.L.), by
Region Latium “LazioInnova” – Key Enabling Technologies Call for Grant (ID #G13675, 11/21/2016—POR FESR
LAZIO 2014–2020, grant to W.L.), and by Università Cattolica del Sacro Cuore (“linea D1-2018” to W.L. and “linea
D1-2017” to O.P.).
Acknowledgments: The authors thanks all the paramedics for contribution in patient enrolment and management
and Maurizio Falloni for assistance in biospecimen retrieval, and are extremely grateful to the patients’ families
who provided their consent to participate in the study.
Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations
MSC Mesenchymal stromal cells
WNT Wingless-type MMTV integration site family
BMP Bone morphogenetic protein family
FGF Fibroblast growth factor family
HH Hedgehog signalling
CS Craniosynostosis
Int. J. Mol. Sci. 2020, 21, 4356 16 of 19
NCS Nonsyndromic craniosynostosis
BM Bone marrow
HSC Haematopoietic stem cell
TEK/Tie2 TEK receptor tyrosine kinase
ITGAV/AlphaV Integrin subunit alpha V
GLI1 GLI Family Zinc Finger 1
THY1 Thy-1 cell surface antigen
PRX1 Paired Related Homeobox 1
ENPEP Glutamyl aminopeptidase
CMSC Calvarial mesenchymal stromal cells
N-CMSC Normal-CMSC
P-CMSC Pathologic-CMSC
BM-MSC Bone marrow mesenchymal stromal cells












DMEM Dulbecco’s Modified Eagle’s Medium
FBS Fetal bovine serum
qPCR Quantitative Real Time PCR
ACTB Beta-actin
PBS Phosphate buffer saline
RT Room temperature
BSA Bovine serum albumin
References
1. Chai, Y.; Maxson, R.E. Recent advances in craniofacial morphogenesis. Dev. Dyn. 2006, 235, 2353–2375.
[CrossRef] [PubMed]
2. Hall, B.K.; Miyake, T. All for one and one for all: Condensations and the initiation of skeletal development.
BioEssays 2000, 22, 138–147. [CrossRef]
3. Lana-Elola, E.; Rice, R.; Grigoriadis, A.E.; Rice, D.P.C. Cell fate specification during calvarial bone and suture
development. Dev. Biol. 2007, 311, 335–346. [CrossRef] [PubMed]
4. Wilk, K.; Yeh, S.-C.A.; Mortensen, L.J.; Ghaffarigarakani, S.; Lombardo, C.M.; Bassir, S.H.; Aldawood, Z.A.;
Lin, C.P.; Intini, G. Postnatal calvarial skeletal stem cells expressing PRX1 reside exclusively in the calvarial
sutures and are required for bone regeneration. Stem Cell Rep. 2017, 8, 933–946. [CrossRef] [PubMed]
5. Opperman, L.A. Cranial sutures as intramembranous bone growth sites. Dev. Dyn. 2000, 219, 472–485.
[CrossRef]
6. Lattanzi, W.; Parolisi, R.; Barba, M.; Bonfanti, L. Osteogenic and neurogenic stem cells in their own place:
Unraveling differences and similarities between niches. Front. Cell. Neurosci. 2015, 9, 455. [CrossRef]
7. Flaherty, K.; Singh, N.; Richtsmeier, J.T. Understanding craniosynostosis as a growth disorder. Wiley Interdiscip.
Rev. Dev. Biol. 2016, 5, 429–459. [CrossRef]
8. Lattanzi, W.; Barba, M.; Di Pietro, L.; Boyadjiev, S.A.; Lattanz, W. Genetic advances in craniosynostosis. Am. J.
Med. Genet. Part A 2017, 173, 1406–1429. [CrossRef]
9. Twigg, S.R.F.; Wilkie, A.O.M. A genetic-pathophysiological framework for craniosynostosis. Am. J. Hum.
Genet. 2015, 97, 359–377. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 4356 17 of 19
10. Maruyama, T.; Mirando, A.J.; Deng, C.X.; Hsu, W. The balance of WNT and FGF signaling influences
mesenchymal stem cell fate during skeletal development. Sci. Signal. 2010, 3, 1–23. [CrossRef]
11. Zhao, H.; Feng, J.; Ho, T.-V.; Grimes, W.; Urata, M.; Chai, Y. The suture provides a niche for mesenchymal
stem cells of craniofacial bones. Nat. Cell Biol. 2015, 17, 386–396. [CrossRef] [PubMed]
12. Wilkie, A.O.M.; Johnson, D.; Wall, S.A. Clinical genetics of craniosynostosis. Curr. Opin. Pediatr. 2017, 29,
622–628. [CrossRef] [PubMed]
13. Lajeunie, E.; Le Merrer, M.; Bonaïti-Pellie, C.; Marchac, D.; Renier, D. Genetic study of nonsyndromic coronal
craniosynostosis. Am. J. Med. Genet. 1995, 55, 500–504. [CrossRef] [PubMed]
14. Lee, E.; Le, T.; Zhu, Y.; Elakis, G.; Turner, A.; Lo, W.; Venselaar, H.; Verrenkamp, C.A.; Snow, N.; Mowat, D.;
et al. A craniosynostosis massively parallel sequencing panel study in 309 Australian and New Zealand
patients: Findings and recommendations. Genet. Med. 2018, 20, 1061–1068. [CrossRef] [PubMed]
15. Lattanzi, W.; Bukvic, N.; Barba, M.; Tamburrini, G.; Bernardini, C.; Michetti, F.; Di Rocco, C. Genetic basis
of single-suture synostoses: Genes, chromosomes and clinical implications. Child’s Nerv. Syst. 2012, 28,
1301–1310. [CrossRef]
16. Justice, C.M.; Cuellar, A.; Bala, K.; Sabourin, J.A.; Cunningham, M.L.; Crawford, K.; Phipps, J.M.; Zhou, Y.;
Cilliers, D.; Byren, J.C.; et al. A genome-wide association study implicates the BMP7 locus as a risk factor for
nonsyndromic metopic craniosynostosis. Hum. Genet. 2020, published online ahead of print. [CrossRef]
17. Cuellar, A.; Bala, K.; Di Pietro, L.; Barba, M.; Yagnik, G.; Liu, J.L.; Stevens, C.; Hur, D.J.; Ingersoll, R.G.;
Justice, C.M.; et al. Gain-of-function variants and overexpression of RUNX2 in patients with nonsyndromic
midline craniosynostosis. Bone 2020, 115395, published online ahead of print. [CrossRef]
18. Tamburrini, G.; Caldarelli, M.; Massimi, L.; Gasparini, G.; Pelo, S.; Di Rocco, C. Complex craniosynostoses:
A review of the prominent clinical features and the related management strategies. Child’s Nerv. Syst. 2012,
28, 1511–1523. [CrossRef]
19. Massimi, L.; Di Rocco, C. Mini-invasive surgical technique for sagittal craniosynostosis. Child’s Nerv. Syst.
2012, 28, 1341–1345. [CrossRef]
20. Simpson, A.; Wong, A.L.; Bezuhly, M. Surgical correction of nonsyndromic sagittal craniosynostosis: Concepts
and controversies. Ann. Plast. Surg. 2017, 78, 103–110. [CrossRef]
21. Senarath-Yapa, K.; Chung, M.T.; McArdle, A.; Wong, V.W.; Quarto, N.; Longaker, M.T.; Wan, D.C.
Craniosynostosis molecular pathways and future pharmacologic therapy. Organogenesis 2012, 8, 103–113.
[CrossRef] [PubMed]
22. Méndez-Ferrer, S.; Michurina, T.V.; Ferraro, F.; Mazloom, A.R.; MacArthur, B.D.; Lira, S.A.; Scadden, D.T.;
Ma’ayan, A.; Enikolopov, G.N.; Frenette, P.S. Mesenchymal and haematopoietic stem cells form a unique
bone marrow niche. Nature 2010, 466, 829–834. [CrossRef]
23. Morrison, S.J.; Scadden, D.T.; Hospital, M.G.; Biology, R.; Darwin, F. The bone marrow niche for HSCs.
Nature 2015, 505, 327–334. [CrossRef] [PubMed]
24. Aghaloo, T.L.; Chaichanasakul, T.; Bezouglaia, O.; Kang, B.; Franco, R.; Dry, S.M.; Atti, E.; Tetradis, S.
Osteogenic potential of mandibular vs. Long-bone marrow stromal cells. J. Dent. Res. 2010, 89, 1293–1298.
[CrossRef]
25. Matsubara, T.; Suardita, K.; Ishii, M.; Sugiyama, M.; Igarashi, A.; Oda, R.; Nishimura, M.; Saito, M.;
Nakagawa, K.; Yamanaka, K.; et al. Alveolar bone marrow as a cell source for regenerative medicine:
Differences between alveolar and iliac bone marrow stromal cells. J. Bone Miner. Res. 2005, 20, 399–409.
[CrossRef] [PubMed]
26. Chan, C.K.F.; Lindau, P.; Jiang, W.; Chen, J.Y.; Zhang, L.F.; Chen, C.C.; Seita, J.; Sahoo, D.; Kim, J.B.; Lee, A.;
et al. Clonal precursor of bone, cartilage, and hematopoietic niche stromal cells. Proc. Natl. Acad. Sci. USA
2013, 110, 12643–12648. [CrossRef]
27. Doro, D.H.; Grigoriadis, A.E.; Liu, K.J. Calvarial suture-derived stem cells and their contribution to cranial
bone repair. Front. Physiol. 2017, 8, 1–10. [CrossRef]
28. Yu, H.M.I.; Jerchow, B.; Sheu, T.J.; Liu, B.; Costantini, F.; Puzas, J.E.; Birchmeier, W.; Hsu, W. The role of Axin2
in calvarial morphogenesis and craniosynostosis. Development 2005, 132, 1995–2005. [CrossRef]
29. Maruyama, T.; Jiang, M.; Abbott, A.; Yu, H.M.I.; Huang, Q.; Chrzanowska-Wodnicka, M.; Chen, E.I.; Hsu, W.
Rap1b is an effector of Axin2 regulating crosstalk of signaling pathways during skeletal development. J. Bone
Miner. Res. 2017, 32, 1816–1828. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 4356 18 of 19
30. Lu, X.; Beck, G.R.; Gilbert, L.C.; Camalier, C.E.; Bateman, N.W.; Hood, B.L.; Conrads, T.P.; Kern, M.J.;
You, S.; Chen, H.; et al. Identification of the homeobox protein Prx1 (MHox, Prrx-1) as a regulator of osterix
expression and mediator of tumor necrosis factor α action in osteoblast differentiation. J. Bone Miner. Res.
2011, 26, 209–219. [CrossRef]
31. Lattanzi, W.; Barba, M.; Novegno, F.; Massimi, L.; Tesori, V.; Tamburrini, G.; Galgano, S.; Bernardini, C.;
Caldarelli, M.; Michetti, F.; et al. Lim mineralization protein is involved in the premature calvarial ossification
in sporadic craniosynostoses. Bone 2013, 52, 474–484. [CrossRef]
32. Barba, M.; Di Pietro, L.; Massimi, L.; Geloso, M.C.; Frassanito, P.; Caldarelli, M.; Michetti, F.; Della Longa, S.;
Romitti, P.A.; Di Rocco, C.; et al. BBS9 gene in nonsyndromic craniosynostosis: Role of the primary cilium in
the aberrant ossification of the suture osteogenic niche. Bone 2018, 112, 58–70. [CrossRef]
33. Friedenstein, A.J.; Petrakova, K.V.; Kurolesova, A.I.; Frolova, G.P. Heterotopic of bone marrow. Analysis of
precursor cells for osteogenic and hematopoietic tissues. Transplantation 1968, 6, 230–247. [CrossRef]
34. Tavassoli, M.; Crosby, W.H. Transplantation of marrow to extramedullary sites. Science 1968, 161, 54–56.
[CrossRef]
35. Mohammad, K.; Dakik, P.; Medkour, Y.; Mitrofanova, D.; Titorenko, V.I. Quiescence entry, maintenance, and
exit in adult stem cells. Int. J. Mol. Sci. 2019, 20, 2158. [CrossRef]
36. Cohen, M.; Kicheva, A.; Ribeiro, A.; Blassberg, R.; Page, K.M.; Barnes, C.P.; Briscoe, J. Ptch1 and Gli regulate
Shh signalling dynamics via multiple mechanisms. Nat. Commun. 2015, 6, 6709. [CrossRef]
37. Kim, W.K.; Meliton, V.; Bourquard, N.; Hahn, T.J.; Parhami, F. Hedgehog signaling and osteogenic
differentiation in multipotent bone marrow stromal cells are inhibited by oxidative stress. J. Cell. Biochem.
2010, 111, 1199–1209. [CrossRef]
38. Plaisant, M.; Fontaine, C.; Cousin, W.; Rochet, N.; Dani, C.; Peraldi, P. Activation of hedgehog signaling
inhibits osteoblast differentiation of human mesenchymal stem cells. Stem Cells 2009, 27, 703–713. [CrossRef]
39. Robbins, D.J.; Fei, D.L.; Riobo, N.A. The hedgehog signal transduction network. Sci. Signal. 2012, 5.
[CrossRef]
40. Pan, A.; Chang, L.; Nguyen, A.; James, A.W. A review of hedgehog signaling in cranial bone development.
Front. Physiol. 2013, 4, 61. [CrossRef]
41. Jho, E.; Zhang, T.; Domon, C.; Joo, C.-K.; Freund, J.-N.; Costantini, F. Wnt/-catenin/Tcf signaling induces the
transcription of Axin2, a negative regulator of the signaling pathway. Mol. Cell. Biol. 2002, 22, 1172–1183.
[CrossRef]
42. Liu, B.; Yu, H.M.I.; Hsu, W. Craniosynostosis caused by Axin2 deficiency is mediated through distinct
functions of β-catenin in proliferation and differentiation. Dev. Biol. 2007, 301, 298–308. [CrossRef] [PubMed]
43. Behr, B.; Longaker, M.T.; Quarto, N. Absence of endochondral ossification and craniosynostosis in posterior
frontal cranial sutures of Axin2-/- Mice. PLoS ONE 2013, 8. [CrossRef] [PubMed]
44. Yilmaz, E.; Mihci, E.; Guzel Nur, B.; Alper, O.M. A novel AXIN2 gene mutation in sagittal synostosis. Am. J.
Med. Genet. Part A 2018, 176, 1976–1980. [CrossRef] [PubMed]
45. Shevde, N.K.; Bendixen, A.C.; Maruyama, M.; Li, B.L.; Billmire, D.A. Enhanced activity of osteoblast
differentiation factor (PEBP2αA2/CBFa1) in affected sutural osteoblasts from patients with nonsyndromic
craniosynostosis. Cleft Palate-Craniofac. J. 2001, 38, 606–614. [CrossRef]
46. Coussens, A.K.; Wilkinson, C.R.; Hughes, I.P.; Morris, C.P.; van Daal, A.; Anderson, P.J.; Powell, B.C.
Unravelling the molecular control of calvarial suture fusion in children with craniosynostosis. BMC Genom.
2007, 8, 1–25. [CrossRef]
47. Cyprus, G.N.; Overlin, J.W.; Vega, R.A.; Ritter, A.M.; Olivares-Navarrete, R. Spatial regulation of gene
expression in nonsyndromic sagittal craniosynostosis. J. Neurosurg. Pediatr. 2018, 22, 620–626. [CrossRef]
48. Potter, A.B.; Rhodes, J.L.; Vega, R.A.; Ridder, T.; Shiang, R. Gene expression changes between patent and
fused cranial sutures in a nonsyndromic craniosynostosis population. Eplasty 2015, 15, e12.
49. Kim, S.D.; Yagnik, G.; Cunningham, M.L.; Kim, J.; Boyadjiev, S.A. MAPK/ERK signaling pathway analysis in
primary osteoblasts from patients with non-syndromic sagittal craniosynostosis. Cleft Palate Craniofac. J.
2014, 51, 115–119. [CrossRef]
50. Eppley, B.L. Increased bone formation and osteoblastic cell phenotype in premature cranial suture ossification
(craniosynostosis). J. Craniofac. Surg. 1997, 8, 523–524. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 4356 19 of 19
51. Song, D.; Huang, S.; Zhang, L.; Liu, W.; Huang, B.; Feng, Y.; Liu, B.; He, T.C.; Huang, D.; Reid, R.R. Differential
responsiveness to BMP9 between patent and fused suture progenitor cells from craniosynostosis patients.
Plast. Reconstr. Surg. 2020, 145, 552e–562e. [CrossRef] [PubMed]
52. Ratisoontorn, C.; Seto, M.L.; Broughton, K.M.; Cunningham, M.L. In vitro differentiation profile of osteoblasts
derived from patients with Saethre-Chotzen syndrome. Bone 2005, 36, 627–634. [CrossRef] [PubMed]
53. Hunenko, O.; Karmacharya, J.; Ong, G.; Kirschner, R.E. Toward an understanding of nonsyndromic
craniosynostosis: Altered patterns of TGF-β receptor and FGF receptor expression induced by intrauterine
head constraint. Ann. Plast. Surg. 2001, 46, 546–554. [CrossRef] [PubMed]
54. Carinci, P.; Becchetti, E.; Baroni, T.; Carinci, F.; Pezzetti, F.; Stabellini, G.; Locci, P.; Scapoli, L.; Tognon, M.;
Volinia, S.; et al. Extracellular matrix and growth factors in the pathogenesis of some craniofacial
malformations. Eur. J. Histochem. 2007, 51 (Suppl. 1), 105–115.
55. Barreto, S.; González-Vázquez, A.; Cameron, R.A.; O’Brien, F.J.; Murray, D.J. Identification of stiffness-induced
signalling mechanisms in cells from patent and fused sutures associated with craniosynostosis. Sci. Rep.
2017, 7, 1–12. [CrossRef]
56. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2-∆∆CT method. Methods 2001, 25, 402–408. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
